Summary: Large-scale phosphoproteomics studies have improved our understanding of dynamic cellular signaling, but the downstream analysis of phosphoproteomics data is still a bottleneck. We develop DynaPho, a useful web-based tool providing comprehensive and in-depth analyses of time-course phosphoproteomics data, making analysis intuitive and accessible to nonbioinformatics experts. The tool currently implements five analytic modules, which reveal the transition of biological pathways, kinase activity, dynamics of interaction networks and the predicted kinase-substrate associations. These features can assist users in translating their larger-scale timecourse phosphoproteomics data into valuable biological discoveries. Availability and implementation: DynaPho is freely available at http://dynapho
Introduction
Phosphorylation is one of the most important post-translational modifications (PTM). Phosphorylation temporally and spatially modifies protein substrates at specific amino acid residues, and plays a pivotal role in the regulation of cellular signaling. Advances in mass spectrometry and phosphopeptide enrichment methods make it possible to measure changes at thousands of specific phosphorylation sites at a very high temporal resolution. The analysis of highthroughput phosphoproteomics data is crucial for understanding cell signaling but remains challenging.
Many bioinformatics tools and analyses, such as enrichment and network analyses (Linding et al., 2008; Weidner et al., 2014) , have been applied to phosphoproteomics. However, most of these tools are designed for single-variable experiments. When applied to timeseries or multiple-condition experiments, they may not effectively reveal the underlying biological dynamics from the experimental data. Although some tools, such as SELPHI (Petsalaki et al., 2015) , are available for time-series data, they provide limited analysis methods. Here we developed an integrative web tool, DynaPho, for analysis of time-series phosphoproteomics data, which contain information about signaling dynamics. DynaPho integrates various functional analysis methods to assist researchers in analyzing and interpreting their large-scale time-series phosphoproteomics data. The methods implemented in DynaPho have been comprehensively used in phosphoproteomics research as well as improved and extended for the investigation of time-series data.
Design and implementation
DynaPho has a modular design in which each module represents a functional analysis method for extracting various biological features from the time-series phosphoproteomic dataset. Currently, DynaPho provides six analytical modules: (i) data summary; (ii) profile clustering; (iii) function enrichment; (iv) dynamic network; (v) kinase activity; and (vi) correlation analysis ( Fig. 1) (Lopes et al., 2010) and InCHlib (Skuta et al., 2014) . The site runs on an Apache server and stores preprocessed and job data in a MySQL database. When a user uploads a phosphoproteomics dataset, a unique accession number is assigned to it. Users can retrieve their previous analysis results and resubmit an analysis with different parameter settings via this accession number.
Phosphorylation sites with similar phosphorylation profiles might be associated with a specific biological process or regulated by a specific kinase. The 'profile clustering' module employs fuzzy C-means algorithms (Kumar and Futschik, 2007) to divide phosphorylation sites into clusters. In this module, the number of clusters can be assigned manually by users or automatically estimated. When phosphorylation sites are divided into subsets, the gene-set over-representation and linear motif analysis will be performed on each subset to identify the over-represented GO biological process terms and consensus motifs. For over-represented GO terms, DynaPho not only summarizes these hierarchical terms in tables, but also produces graph visualizations to reduce redundancy. In contrast with 'profile clustering,' the 'enrichment analysis' module performs a GO enrichment analysis on phosphoproteomic data for each time point. The over-represented GO terms from each time point are merged into a function profile, which can be visualized as a heatmap to present the time-dependent activation or suppression of each GO term.
Protein-protein interactions are the basis of virtually all functional molecular events driving cellular signaling and gene regulation. The 'dynamic network' module combines phosphoproteomics data and protein-protein interactions to construct time-dependent interaction networks. Users are able to investigate the gain or loss of interactions at each time point via the dynamic network viewer. In our previous work, this method was utilized to reveal the dynamic regulation of brassinosteroids in Arabidopsis (Lin et al., 2015) .
One key goal in the majority of phosphoproteomics studies is to identify the kinases that are key nodes in controlling signaling cascades in perturbation experiments. The 'kinase activity' module is used to infer kinase activity at each time point, based on user-uploaded phosphoproteomic data. In this module, we built kinase-specific models based on experimental and predicted kinasesubstrate interactions, and used these to predict the corresponding kinase for each phosphosite uploaded by users. Subsequently, hypergeometric testing is used to evaluate the 'activation' or 'inactivation' of each kinase at each time point, and these statistical p-values are converted to activity/inactivity scores and presented as a heatmap. This method has been used successfully to identify the key kinase in the response to treatment of citreoviridin, an ATP synthase inhibitor, in lung cells (Hu et al., 2015) .
Besides kinases, phosphatases are crucial in cellular signaling via dephosphorylation. However, knowledge of phosphatase signaling is relatively undeveloped, primarily because global approaches to identify phosphatase substrates are lacking. To contribute this aspect of research into cellular signaling, DynaPho implements the 'correlation analysis' module, which supposes that the phosphorylation profile of a kinase or phosphatase is highly similar to those of its substrates. This method has been shown to facilitate the identification of known and novel kinase/phosphatase-substrate relationships (Imamura et al., 2010; Petsalaki et al., 2015) .
To demonstrate the capacity of DynaPho, we used DynaPho to analyze three independent time-series phosphoproteomics data. Overall, DynaPho can reveal the biological meanings behind these phosphoproteomics data (Supplementary Results).
Conclusions
Technological advances have released the bottleneck on the translation of high-dimensional omics data into biological discoveries. The main novelty of DynaPho is that it extends and integrates various function analysis methods into a single web server for the investigation of time-series phosphoproteomics data in different ways. We expect that DynaPho will contribute to the enhanced use of timeseries phosphoproteomics data, facilitating more detailed visualization and understanding of condition-specific cellular signaling.
